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Abstract 
Miniaturized electrodes, structures, and devices are necessary to achieve high target selectivity during stimulation in single 
neuron networks, while significant charge transfer is essential. A reliable test method is required to evaluate charge injection 
capability for neural stimulation applications that demand both a large amount of charge injection and a small electrode size. A 
custom made pulse-clamp circuit was employed to characterize sputtered iridium oxide film (SIROF) microelectrodes. Pulse-
clamp measurements with 400 µs long pulses are performed in 154 mM phosphate buffered saline (PBS) solution on planar 
microelectrodes smaller than 100 µm in diameter. A cell model was used to verify the circuit design with SPICE simulations. The 
pulse-clamp results of SIROF electrodes of different sizes show charge losses of less than 6%, even at high charge density levels. 
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1. Introduction 
The design of novel bidirectional interfaces for in vitro single neuron networks is an important step towards the 
use and understanding of neuronal coupling to electronics and neuronal enhanced signal processing in biohybrid 
circuits. Current and future neural prostheses are based on electrical stimulation of neurons, which help to restore 
functionality to patients suffering from neurodegenerative diseases. Such devices typically feature electrodes based 
on platinum, titanium nitride, or iridium oxide (IrOx). A number of reports, documenting the use of IrOx 
microelectrodes for neuro engineering and biomedical applications, have been presented1-4. The interest in this 
material is driven by its excellent properties as a functional coating of implantable stimulation electrodes, whilst it is 
known to retain a high and reversible charge delivery capacity. Since the traditional electrochemical tests, i.e. cyclic 
voltammetry (CV) and impedance analysis, do not operate at the same time scale or voltage amplitudes as is 
required in neural stimulation, they are inadequate to investigate the true electrode dynamics. Therefore a reliable 
test method is needed to evaluate the charge injection capability at the neuron/electrode interface, since high 
resolution neural stimulation demands both a large amount of charge injection and a small electrode size. The 
pulse-clamp method, first developed and introduced by Mortimer and co-workers8 and also used by Hung et al.9, 
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 meets the dynamic requirements and it is currently employed to characterize the electrode charge-injection 
capability of planar disc microelectrodes with a functional layer of sputtered iridium oxide5,6,7. 
The focus of this paper is to examine and discuss the use of the pulse-clamp technique to characterize single 
neuron stimulation electrodes. We adapted and improved a pulse-clamp circuit that achieved stable high speed 
operation on low current values to characterize and compare electrodes well below 300 μm in diameter for the first 
time. 
2. Materials & Methods 
Microelectrode arrays (MEAs) were fabricated through a custom technological process with a 300 nm sputter-
deposited iridium oxide7. The principle of the pulse-clamp method is to perform a discharge current measurement 
with a high time resolution after an electrode has been charged by a current pulse. As can be seen in Fig. 1, a certain 
amount of charge is injected during the current clamp (CC), followed by a discharging phase during the potential 
clamp (PC). Three different stages in the discharge phase can be identified: the fast discharge directly after the CC, 
correlated to fast recoverable electrochemical processes, the slow discharge, based on slow recoverable processes 
and a certain difference of charge which cannot be recovered due to being stored in permanent products of faradaic 
processes. 
 
 
Fig. 1. Current waveform of a pulse-clamp experiment with corresponding charge. 
To characterize the SIROF microelectrodes a pulse-clamp circuit was designed, which operates similar to the 
setup used earlier by Mortimer and co-workers8. To evaluate electrodes of a size below 300 µm the existing circuit 
was improved to be able to facilitate a very high switching speed between the constant-current charging mode and 
the constant-voltage discharging mode. These improvements resulted in a pulse-clamp circuit that reached an overall 
switching time of <1 µs, including slew rate and settling time. Our circuit remains stable during high speed 
operation at low current values and achieves a lowest current resolution of 100 nA/V.  
3. Experimental 
All experiments were carried out on planar SIROF microelectrodes. Phosphate buffered saline (PBS) solution 
with 154 mM NaCl was used as the electrolyte in all experiments. The setup used consists of the improved pulse-
clamp circuit and a National Instruments NI USB-6125 device for data acquisition at a sample rate of 1.25MS/s and 
a resolution of 16bits, which complies with demands set by the pulse-clamp circuit regarding speed and resolution. 
Using a custom designed LabVIEW program the current was measured and the corresponding charge was obtained 
by calculating the time integral. The current pulse width was kept constant at 400 µs and the magnitude of the 
current during the CC was adjusted to ensure that no water electrolysis or electrode dissolution occurred. All 
experiments where performed within the charge injection limits of 1 – 5 mC/cm² in the safe potential window of -
0.6 V - 0.8 V vs. Ag/AgCl11. A cell model (Fig. 2a) was used to verify the circuit design with SPICE simulation 
(Fig. 2b) using the parameters of Table 1. The extended Randles cell model10 adds an impedance consisting of CF 
(100 nF), RF1 (varying) and RF2 (3.3 kΩ) to a standard Randles cell model with solution resistance RS (4.2 kΩ) and 
the double layer capacitance Cdl (10 nF). This model describes the behavior of the slow (CF) and non recoverable 
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 processes (RF1). The resistance RF2 defines the charge and discharge rates of CF. During the pulse-clamp most of the 
injected charge is stored in the two capacitances and discharged through both the solution (RS) and faradaic charge 
resistances (RF1,RF2). The high charge injection capabilities of SIROF are due to its fractal surface morphology and 
reversible faradaic redox reactions of the oxide12. 
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Fig. 2. (a) Extended Randles cell model for simulation and testing; (b) Pulse-clamp results of three simulated cells 
4. Results & Discussion 
Figure 3 presents a pulse-clamp experiment of a 100 µm electrode compared to the simulation results. The 
measurement shows a very good correlation to the simulated data. This proves the proper function of the 
pulse-clamp circuit. Figure 4 illustrates the measured charge of two SIROF microelectrodes, one having a 100 µm 
diameter (approx. area of 7850 µm2) and the other 25 µm (approx. area of 500 µm2), during a pulse-clamp 
experiment. The amount of charge recovered in this process is higher than 94% for both electrodes as shown in 
Table 2. Comparing the discharge stages of the two electrodes, it can be observed that the 100 µm electrode has as 
slower discharge compared to the 25 µm one. Most likely this is due to different capacitances and therefore different 
RC time constants. Despite this the ratio of the lost charge compared to the injected charge is nearly the same after 
t = 20 ms. During the discharge phase the charge stored capacitively, such as in the double-layer, is returned rapidly 
(fast reversible) followed by the slower processes, involving the Ir3+/Ir4+ redox couple. This faradaic reaction is 
confined to the SIROF layer and appears to be an almost reversible process. The faradaic process of water  
 
Fig. 3. Measured current of a 100 µm electrode compared to the 
simulation of cell 1 (RF1 = 2,2kΩ) and cell 2 (RF1 = 10kΩ). 
Fig. 4. Measured charge of SIROF microelectrodes with 
different sizes while applying a 400 µs long pulse and its 
correlated charge retrieved by integration over time. 
electrolysis is avoided in the experiments done by not exceeding the safe -0.6V/0.8V potential window. The actual 
charge loss measured might result from faradaic reactions involving trace impurities in the IrOx film. There exists a 
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 near linear correlation between the charge injected and the charge lost for both SIROF electrode sizes. The 
difference between values of the 25 µm electrode compared to the 100 µm electrode most likely results from the 
circuit inherent noise and consequently its smaller SNR. However, the charge loss cannot be totally avoided as has 
been shown before by Brummer and co-workers13. Measurements compared to platinum indicate that SIROF can 
inject high amounts of charge over a broad range keeping the same charge lost/injected ratio compared to platinum 
electrodes of the same geometrical area. Measured values for 100 µm and 25 µm SIROF electrodes show a total 
recovered charge of 94% within 20 ms (Table 2). 
Table 2. Comparison of applied and measured charge of 100 µm and 25 µm electrodes. 
 applied recoverable irreversible 
100 µm  fast slow  
charge (nC) 10,13 3,986 5,55 0,594 
percentage 100 % 39,34 % 54,80 % 5,86 % 
25 µm     
charge (pC) 507 237,80 244,98 28,9 
percentage 100 % 46,91 % 47,39 % 5,7 % 
5. Conclusion 
This work demonstrates the use of the pulse-clamp method as both a fast and accurate method for characterizing 
the charge-injection capabilities of SIROF microelectrodes. The scalability of the pulse-clamp circuit allows it to be 
used to accurately quantify the quality of a surface modification for microelectrodes well below 300 µm in diameter. 
By applying the pulse-clamp method it can be seen that when very low charge densities are applied nearly no charge 
loss is present due to the double-layer capacitance charge storage or reversible redox reactions. However, the charge 
loss cannot be totally avoided. The pulse-clamp results of SIROF electrodes of different sizes show charge losses 
less than 6%, even at high charge density levels. The pulse-clamp method allows an accurate electrode-parameter 
extraction and a comparison of the charge-injection capabilities of different electrode sizes and materials. 
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